INTRODUCTION
Soil salinity of agricultural land has led to the breakdown of ancient civilizations.
Even today it threatens agricultural productivity in 77 mha of agricultural land, of which 45 mha (20% of irrigated area) is irrigated and 32 mha (2.1% of dry land) is unirrigated (1) . Salinization is further spreading in irrigated land because of improper management of irrigation and drainage. Rain, cyclones and wind also add NaCl into the coastal agricultural land. Soil salinity often leads to the development of other problems in soils such as soil sodicity and alkalinity. Soil sodicity is the result of the binding of Na + to the negatively charged clay particles, which leads to clay swelling and dispersal. Hydrolysis of the Na-clay complex results in soil alkalinity. Thus, soil salinity is a major factor limiting sustainable agriculture.
The USDA salinity laboratory defines saline soil as having electrical conductivity of the saturated paste extract (EC e ) of 4 dS m -1 (1 dS m -1 is approximately equal to 10 mM NaCl) or more. High concentrations of soluble salts such as chlorides of sodium, calcium and magnesium contribute to the high electrical conductivity of saline soils.
NaCl contributes to most of the soluble salts in saline soil.
The development of salinity-tolerant crops is the need of the hour to sustain agricultural production. Conventional breeding programs aimed at improving crop tolerance to salinity have limited success because of the complexity of the trait (2) . Slow progress in breeding for salt-tolerant crops can be attributed to the poor understanding of the molecular mechanisms of salt tolerance. Understanding the molecular basis of plant salt tolerance will also help improve drought and extreme-temperature-stress tolerance, since osmotic and oxidative stresses are common to these abiotic stresses. The salt-tolerant mechanisms of plants can be broadly described as ion homeostasis, osmotic homeostasis, stress damage control and repair, and growth regulation (3) . This chapter reviews recent progress in understanding salt-stress signaling and breeding/genetic engineering for salt -tolerant crops.
EFFECT OF SALINITY ON PLANT DEVELOPMENT
Salinity affects almost all aspects of plant development, including germination, vegetative growth and reproductive development. Soil salinity imposes ion toxicity, osmotic stress, nutrient (N, Ca, K, P, Fe, Zn) deficiency and oxidative stress on plants.
Salinity also indirectly limits plant productivity through its adverse effects on the growth of beneficial and symbiotic microbes. High salt concentrations in soil impose osmotic stress and thus limit water uptake from soil. Sodium accumulation in cell walls can rapidly lead to osmotic stress and cell death (1) . Ion toxicity is the result of replacement of K + by Na + in biochemical reactions, and Na + and Cl --induced conformational changes in proteins. For several enzymes, K + acts as cofactor and cannot be substituted by Na
High K + concentration is also required for binding tRNA to ribosomes and thus protein synthesis (3, 4) . Ion toxicity and osmotic stress cause metabolic imbalance, which in turn leads to oxidative stress (5) .
In terms of plant tolerance to salinity, plants are classified as halophytes, which can grow and reproduce under high salinity (>400mM NaCl), and glycophytes, which cannot survive high salinity. Most of the grain crops and vegetables are natrophobic (glycophytes) and are highly susceptible to soil salinity, even when the soil EC e is < 4 dS . Sugar beets and barley are highly sensitive to salinity during germination but are highly tolerant during the later phases of crop development (6; http://www.ussl.ars.usda.gov/saltoler.htm). Soil type (particularly Ca 2+ and clay content), rate of transpiration (which determines the amount of salt transported to the shoot for any given rate of salt uptake and loading to the xylem by roots) and radiation may further alter the salt tolerance of crops.
Salinity affects photosynthesis mainly through a reduction in leaf area, chlorophyll content and stomatal conductance, and to a lesser extent through a decrease in photosystem II efficiency (7) . The adverse effects of salinity on plant development are more profound during the reproductive phase. Figure 1 shows the adverse effect of salinity on vegetative and reproductive development and the differential sensitivity of yield components to different intensities of salt stress in rice (8) . Wheat plants stressed at 100 to 175 mM NaCl showed a significant reduction in spikelets per spike, delayed spike emergence and reduced fertility, which results in poor grain yield. However, Na + and Cl -concentrations in the shoot apex of these wheat plants were below 50 and 30 mM, respectively, which is too low to limit metabolic reactions (9) . Hence, the adverse effects of salinity may be attributed to the salt-stress effect on the cell cycle and differentiation.
Salinity arrests the cell cycle transiently by reducing the expression and activity of cyclins and cyclin-dependent kinases that results in fewer cells in the meristem, thus limiting growth (10) . In Arabidopsis, the reduction in root meristem size and root growth during salt stress is correlated with the downregulation of CDC2a (cyclin-dependent kinase), CycA2;1 and CycB1;1 (mitotic cyclins) (11) . The activity of cyclin-dependent kinase is diminished also by post-translational inhibition during salt stress (10) . Salt stress-induced abscisic acid (ABA) may also mediate cell cycle regulation. ABA upregulates the expression of the inhibitor of cyclin-dependent kinase ICK1, which is a negative regulator of CDC2a (12) . Salinity adversely affects reproductive development by inhibiting microsporogenesis and stamen filament elongation, enhancing programmed cell death in some tissue types, ovule abortion and senescence of fertilized embryos. In
Arabidopsis, 200 mM NaCl stress causes as high as 90% ovule abortion (13) .
GeneChip microarray transcriptome analysis of salt-stressed (100 mM NaCl stress for 3 hours) Arabidopsis plants revealed approximately 424 and 128 genes were upregulated (>2 fold) in roots and leaves, respectively (14) . In Arabidopsis, cDNA microarray analysis showed that about 194 genes were upregulated and about 89 were downregulated by salt stress (15) . In rice, of 1700 cDNAs analysed, approximately 57 genes were upregulated by NaCl stress (16) . Many of the NaCl upregulated genes were also upregulated by dehydration, cold and ABA (14) (15) (16) , which suggests that some of the stress responses are common to all these abiotic stresses. These results show that plant responses to salt stress are controlled by several genes and salt tolerance is a complex phenomenon. Salinity-imposed osmotic stress leads to cell turgor loss and cell volume change.
PERCEPTION OF SALT STRESS
Hence, the potential sensors of osmotic stress include membrane-associated stretchactivated channels, cytoskeleton (microtubules and microfilaments), and transmembrane protein kinases, such as two-component histidine kinases. One of the putative sensors of osmotic stress in Arabidopsis is the hybrid two-component histidine kinase ATHK1 (19) .
The proposed role of AtHK1 in salt tolerance is discussed later in this chapter.
SECOND MESSENGERS
The ameliorative effects of Ca 2+ in maintaining plant growth under salinity (20) and Ca
2+
-induced ion channel discrimination against Na + (21) have been well known for a long time. In addition to its effect on preventing Na + entry into cells, Ca 2+ acts as a signaling molecule in salt stress signaling (22, 23) . Cytosolic Ca 2+ oscillations during salt stress are regulated through the activities of mechanosensitive and ligand-gated Ca 2+ channels on the plasma membrane, endoplasmic reticulum and vacuole (3, 17 
ION HOMEOSTASIS
Plants achieve ion homeostasis by restricting the uptake of toxic ions, maintaining the uptake of essential ions and compartmentalization of toxic ions into the vacuole of specific tissue types. In most crop plants, Na + is the primary cause of ion toxicity, and hence, management of cellular Na + concentration is critical for salt tolerance (4). Sodium ions can be kept below the toxic level in the cytosol by i) restricting Na + entry at the root cortex cells, ii) excreting Na + from root cells into soil, iii) retrieving Na + from the transpirational xylem stream to recirculate it to the roots, iv) storing Na + in the vacuole of mature cells, and v) excreting Na + through salt glands (3). Among these mechanisms, Na + excretion through salt glands is important only in halophytes. Biochemical, electrophysiological and molecular genetic evidence show that the SOS pathway plays a crucial role in the regulation of cellular and whole plant ion homeostasis ( Fig. 2) (17) .
SODIUM UPTAKE
Restricting Na + entry into the root cells and then into the transpirational stream is critical to prevent a buildup of toxic levels of salt in the shoot. Both glycophytes and halophytes must exclude about 97% of the Na + present in the soil at the root surface to prevent toxic levels of Na + accumulation in the shoots (35) . Sodium entry into the transpirational stream depends upon the amount of Na + uptake by Na + and nonspecific cation transporters and the proportion of water entry in the apoplastic/bypass pathway into the xylem. Na + from the soil gains the initial entry into the cells of the root epidermis and cortex. The casparian strip in the endodermis plays a crucial role in preventing apoplastic Na + influx into the root stele. Compared with Arabidopsis, halophytes such as salt cress (Thellungiella halophila) develop both an extra endodermis and a cortex cell layer in roots (36) . In maize seedlings stressed at 200 mM NaCl, the casparian strip radial width was increased by 47% compared with control seedlings (37) . This feature may help to reduce the Na + entry into the transpirational stream. In crops such as rice, water entry into the xylem through the bypass pathway accounts for all the Na + buildup in the shoots, whereas in crops such as wheat, transport protein-mediated Na + uptake accounts for most of the Na + buildup in the shoots (38) . Silica deposition and polymerization of silicate in the endodermis and rhizodermis blocks Na + influx through the apoplastic pathway in the roots of rice (39) . Regulation of these anatomical and morphological changes in root development during salt stress needs further understanding.
Sodium uptake is mediated by both voltage-dependent and -independent cation channels. 
SODIUM TRANSPORT FROM SHOOTS TO ROOTS
Many of the glycophytes have limited ability to sequester Na + in leaf vacuoles.
Therefore, these plants recirculate excess Na + from the leaf to the root. Sodium transport from shoots to roots is probably mediated by SOS1 and HKT1 in Arabidopsis. Under salt stress (100 mM NaCl), Na + accumulation in shoots of sos1 mutant plants was greater than that of the wild type. Strong expression of SOS1 in cells bordering the xylem suggests that SOS1 mediates either Na + release into or Na + retrieval from the xylem stream, depending on salt stress intensity, and thus is critical for controlling long-distance Na + transport from roots to shoots (62 (6) . In addition, these transgenics do not produce any obvious growth abnormalities or change in the quality of the consumable product, as shown by NHX1-overexpressed transgenic tomato and Brassica (77, 78) .
Hence, genetic engineering for ion homeostasis by tissue-specific overexpression of SOS1, NHX1 and their positive regulator, the active form of SOS2, will help improve the salt tolerance of crop plants.
STRESS DAMAGE PREVENTION AND REPAIR
Stress damage prevention and repair pathways are necessary for cell survival at metabolically inhibitory levels of ionic or osmotic stresses. These strategies may include osmotic adjustment, osmoprotectant accumulation, oxidative stress management, induction of stress proteins (LEA-type proteins, chaperonin, etc.) and other physiological adaptations such as modifications in root and shoot growth and transpiration.
OSMOPROTECTANTS
Plants accumulate organic osmolytes such as proline, betaine, polyols, sugar alcohols and soluble sugars to tolerate osmotic stress. These organic solutes protect plants from abiotic stress by i) osmotic adjustment, which helps in turgor maintenance; ii) detoxification of reactive oxygen species; and iii) stabilization of the quaternary structure of proteins (87) . Polyols and proline act as antioxidants (88) . Proline also stabilizes subcellular structures (membranes and proteins) and buffers cellular redox potential under stress. Glycine betaine and trehalose stabilize the quaternary structures of proteins and highly ordered state of membranes. Glycine betaine also reduces lipid peroxidation during salinity stress. Hence, these organic osmolytes are known as osmoprotectants (3, (87) (88) (89) . In addition to these organic osmoprotectants, polyamines also play a significant role in salt-stress tolerance. Mutations that impair arginine decarboxylase (ADC catalyzes the first committed step in polyamine biosynthesis) results in salt hypersensitivity (90, 91) . Genes involved in osmoprotectant biosynthesis are upregulated under salt stress, and the concentrations of accumulated osmoprotectants correlates with osmotic stress tolerance (3, 89) . Halophytes such as T. halophila accumulate significantly higher concentrations of proline than Arabidopsis, even under nonstress conditions (66) . Genetic analysis of the Arabidopsis t365 mutant impaired in the S-adenosyl-Lmethionine:phosphoethanolamine N-methyltransferase (PEAMT) gene involved in glycine betaine biosynthesis (Fig. 3) showed hypersensitivity to salt stress (92) . Thus, glycine betaine accumulation is critical for salt tolerance. Several efforts have been made to engineer salt and other abiotic stress resistance in plants through genetic manipulation of osmoprotectant metabolism in plant. The pathways of various osmoprotectant biosynthesis are shown in Fig. 3 . Genes of these pathways that are employed in genetic engineering for salt tolerance are briefly reviewed in Table 1 . . In most cases, the contribution of the engineered osmoprotectant concentration to osmotic adjustment was not measured, or its contribution to osmotic adjustment was low. Abiotic stress tolerance of these transgenics was attributed to the osmoprotectant effect of these solutes (Table 1) . Further, compartmentation of these osmoprotectants may also be required for enhanced tolerance. Arabidopsis (126) . Understanding the signaling events that regulate osmoprotectant metabolism during stress and recovery will be useful in improving salt and osmotic stress tolerance of crop plants. (Fig. 4) .
LEA-TYPE PROTEINS

MYC/MYB cis-elements
Calcium Sensor Proteins
An earlier section of this chapter described the role of ABA in regulating 
Transcriptome analyses showed the induction of receptor-like kinase genes in
Arabidopsis under salt stress (14, 15) . However, the roles of these proteins in salt-stress sensing and their targets are unknown.
Basic Lucine-Zipper-Family Transcription Factors
ABA-dependent expression of COR genes under osmotic stress is regulated by basic leucine-zipper (bZIP) (145) and MYB/MYC-type transcription factors ( 
MYB/MYC-Type Transcription Factors
MYB/MYC-type transcription factors such as AtMYC2 (=RD22BP1) and
AtMYB2 regulate LEA gene expression in Arabidopsis during osmotic stress (Fig. 4) . 
Transgenic Arabidopsis plants overexpressing
C-repeat Binding Proteins
CBFs (C-repeat binding proteins) or dehydration-responsive-element binding AtAPX targeted to the chloroplasts showed enhanced tolerance to salinity and oxidative stress (172) . The Arabidopsis pst1 (photoautotrophic salt tolerance 1) mutant is more tolerant to salt stress than is the wild type. The salt tolerance of this mutant was attributed to higher activities of SOD and APX than in the wild-type Arabidopsis (173) .
OXIDATIVE STRESS MANAGEMENT
These evidences show that ROS detoxification is an important trait of plant salt tolerance.
Salt stress (5, 162) and ABA (174, 175) (180, 181) .
Pyramiding of chloroplastic and mitochondrial Mn-SOD in alfalfa resulted in lower biomass production compared with that in transgenic plants expressing either of the Mn-SODs (182) . Engineered alterations in antioxidant systems may alter the pool size of ROS, which are involved in developmental, biotic and abiotic stress signaling (175, 183) .
In field environments, crop plants often experience more than one biotic and abiotic stress. Critical evaluation of the engineered alterations in the antioxidant system on crop productivity in the normal environment as well as under multiple stress environments in field conditions and understanding the signaling components that regulate ROS detoxification during salinity is needed to use this trait for genetically engineering plant salt tolerance.
MAPK SIGNALING PATHWAY
ROS signaling in plants under various stresses is mediated by mitogen-activated protein kinase (MAPK) signaling pathways (184, 185) . Salt stress triggers the activation and enhanced gene expression of MAPK signaling cascades, some components of which are common for both salt and ROS (181, 186 (190, 191) . The active form of AtMEKK1 has been shown to activate AtMPK4 in vitro (192) . Yeast 2-hybrid analysis, in vitro and in vivo protein kinase assays and analysis of mkk2 null mutants have led to the identification of a MAPK signaling pathway consisting of AtMEKK1, AtMEK1/AtMKK2, and AtMPK4/AtMPK6 (188, 189, 191) that transduces salt and other abiotic stress signals in Arabidopsis.
Transgenic Arabidopsis plants overexpressing AtMKK2 showed constitutive AtMPK4
and AtMPK6 activity and enhanced salt (germination on 150 mM NaCl medium) and freezing tolerance, whereas mkk2 mutant plants exhibited impaired activation of AtMPK4 and AtMPK6 and thus hypersensitivity to salt and cold stress (189) . In addition to salinity, H 2 O 2 activates AtMPK3 and AtMPK6 (193) , probably through H 2 O 2 -activated ANP1 (=MAPKKK) (194) . Transgenic tobacco plants overexpressing a constitutively active tobacco ANP1 orthologue, NPK1, exhibited constitutive AtMPK3 and AtMPK6 activity and enhanced salt-(300 mM NaCl for 3 days), drought-and cold-stress tolerance (194) .
Gene expression analysis of AtMKK2-and ANP1-overexpressing transgenic
Arabidopsis plants led to the identification of target genes of this MAPK pathway.
Overexpression of the active form of ANP1 showed activation of the GST6 and HSP18.2 promoters but not the RD29A promoter. A single amino acid mutation in the ATP-binding site of ANP1 abolished the ANP1 effect on these promoters (194) . (193) .
In rice, the gene expression as well as kinase activity of OsMAPK5 is regulated by ABA and biotic and abiotic stresses such as salt, drought, wounding, and cold. Transgenic rice overexpressing OsMAPK5 showed increased tolerance to several abiotic stresses, including salt stress (196) . These evidences show that diverse abiotic stress signals converge at MAPK cascades to regulate stress tolerance. Thus, in Arabidopsis, MAPK cascades consisting of AtMEKK1/ANP1, AtMEK1/AtMKK2, and AtMPK3/AtMPK4/ AtMPK6 may transduce salt-stress signaling. These MAPK cascades are further finetuned by a negative regulator, AtMKP1, and a positive regulator, AtNDPK1 (Fig. 5 ). (Table 2) . In tomato, a major QTL (fwTG48-TG180) that accounted for 58% variation in fruit weight under control conditions contributed to only 14% variation with salt stress.
MOLECULAR BREEDING
However, the same QTL contributed to 17% and 8% of the genotypic variation under control conditions and salt stress, respectively, in another F2 population. The detection of approximately 50% or more of QTLs for salt tolerance depends on the salinity stress (201) . Thus, QTLs are stress sensitive, and proper regulation of gene expression is critical for salinity tolerance. Further differential sensitivity of different phonological phases of plant development to salinity stress is evident from the results of QTL analysis. QTLs associated with tolerance at germination differ from those of vegetative growth (202) (203) (204) . QTL analyses clearly establishes that i) salt tolerance is governed by multiple genes; ii) the contribution of individual significant QTLs can vary from 5% to 50%, depending upon the complexity of the trait; iii) the stress responsiveness of QTLs indicates the crucial role of gene regulation during stress; and iv) QTLs for tolerance at different phenological phases specify the changes in salt tolerance mechanism during plant development.
If a QTL can be considered as a cluster of related genes that may be under the transcriptional control of one or more regulatory genes, one or more QTLs may also be under the transcriptional control of a single regulatory gene. The identification of gene(s)
contributing to major QTLs and genetic transfer (breeding/genetic engineering) of a single regulatory gene that controls the expression of several target genes will significantly enhance the pace of development of salt-tolerant crops.
CONCLUSIONS AND PROSPECTS
During the past decade, the applications of molecular tools such as gene disruption and transgenic approaches have significantly enhanced our knowledge of saltstress tolerance. Significant progress has been made toward understanding salt-stress signaling that controls ion homeostasis and salt tolerance. The SOS pathway regulates ion homeostasis during salt stress in Arabidopsis. Salt-stress sensor-induced cytosolic Ca Genetic engineering of ion transporters has been shown to significantly enhance salt tolerance (65, 77, 78) . Transgenic manipulation of signaling molecules and transcription factors will be advantageous, because engineering a single gene can change the expression of several target genes involved in stress response and provide multiple abiotic stress tolerance (68, 149, 152, 153, 189, 196) . In most cases, very high salt-stress levels are applied to clearly show the survival of transgenic plants and death of control plants, rather than their productivity under longterm realistic salinity levels. Hence, the effect of stress in relation to plant ontogeny should be assessed at realistic stress levels and under combinations that occur in nature, by using transgenic crop plants in the field. The identification of QTLs for salt tolerance in different crops will be needed for precise molecular breeding for salt-tolerant crops.
The application of marker-assisted selection to QTLs of major effects should help in improving salt tolerance of crop plants. In the near future, pyramiding regulatory genes controlling the various aspects of salt tolerance (i.e., ionic and osmotic homeostasis, and damage control) in a single transgenic plant is expected to yield salt-tolerant crop plants with a very high level of tolerance to salt and osmotic stress. Genes encoding for many of these enzymes have been employed for genetic engineering osmoprotectant accumulation in plants (Table 1 ). 
